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Abstract 
In this paper the Mueller matrix ellipsometry in the spectral range from 0.73 to 6.4 eV measured using dual rotating compensator 
ellipsometer RC2 (Woollam company) is applied to study anisotropic crystals. First we summarize the effects of optical 
anisotropy to Mueller matrix spectra. As an example of an uniaxial sample we have characterized a Rutile (TiO2) tetragonal 
crystal.  The optical axis of the sample is parallel to its surface. The sample is characterized at variable angle of incidence and 
variable azimuthal rotation angle. The Mueller matrix spectra are fitted to the model based on Kramers-Kronig consistent Basis 
spline and obtained optical functions are compared with tabulated data and ab-initio models based on first-principle calculated 
electronic structure. 
© 2014 The Authors. Published by Elsevier Ltd. 
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Materials Engineering. 
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1. Introduction  
Recent development in spectroscopic ellipsometry and ellipsometric instrumentation triggers wide applications of 
these techniques to characterize anisotropic nanostructures, periodic systems, and also crystals with reduced 
symmetry. Moreover, the Mueller matrix ellipsometry, i.e. measurement of all 15 reduced Mueller matrix elements, 
enables a complete characterization of reflection properties of the samples, including phenomena as mode 
conversion and depolarization [Garcia-Caurel (2013)]. The main task is usually to determine spectra of all 
components of the permittivity tensor from experimental data. The number of independent components depends on 
crystal symmetry. We summarize symmetries of the permittivity tensors for basic crystallographic groups and relate 
the permittivity tensor to observed Mueller matrices. The general method is applied to an uniaxial Rutile (TiO2) 
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crystal of tetragonal symmetry with the symmetry axis parallel to the plane of interface. The measured Mueller 
matrix spectra are fitted to a model consistent with Kramers-Kroning dispersion relations. Finaly, the obtained 
ordinary and extraordinary optical functions of Rutile are compared with the ab-initio calculations and peaks are 
related to the oxygen and titanum electrons. 
 
2. Crystal symmetry and its optical properties 
According to the Onsager relations, the permittivity tensor of a crystal should be symmetrical     therefore in 
a general case of triclinic crystal symmetry, the material is described by 6 complex permittivity tensor components 
[Visnovsky (1986)]: 
 
  
  
  
  (1) 
For monoclinic crystals with c-axis paralell to the z-axis the permittivity tensor takes the form 
 
  
  
  
  (2) 
and four independent components are necessary to describe the optical properties of absorbing crystals. We note that 
the real and imaginary parts of the tensors could be diagonalized by a rotation of the coordinate systems, however, 
the rotation is generally different for the real and imaginary parts of the tensors. The situation becomes more simple 
for orthorombic crystal symmetry for which we obtain diagonal form described by 3 independent permittivities 
components 
 
  
  
  
  (3) 
The tensor is diagonal if the symmetry axes of the orthorombic crystal are aligned with the coordinate system axes. 
In the case of uniaxial crystals, which includes tetragonal, trigonal and hexagonal symmetries, the form of 
the permittivity tensor (3) is simplified more by   corresponding to the alignment of the symmmetry axis 
along the coordinate z-axis. The uniaxial medium is therefore described by two complex permittivities    
  and      denoted as the ordinary and extraordinary ones. Data presented in this paper deal with 
this kind of symmetry. The tensor (3) becomes even more simple for a cubic crystal, or isotropic medium, for which 
     
Permittivity tensor of generally oriented (rotated) medium can be obtained by trasnformation of the permittivity 
tensor by the formula   where R is the rotation matrix. Therefore, for a general orientation of the uniaxial 
axis the off-diagonal components of the permittivity tensor are obtained. Reflection properties described by a Jones 
reflection matrix including reflection coefficients can be obtained using 4x4 matrix algebra [Yeh (1980), Visnovsky 
(1986)]. From the Jones reflection matrix one can calculate the Mueller matrix of the sample [Garcia-Caurel (2013), 
Postava (2002)].
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2. Experimental 
In this paper the Mueller matrix ellipsometry in the spectral range from 0.73 to 6.4 eV measured using the dual-
rotating-compensator ellipsometer RC2 (Woollam company) is applied to study the anisotropic crystal with 
tetragonal symmetry. As a typical uniaxial sample we have characterized a Rutile (titanium dioxide - TiO2) 
tetragonal crystal. The crystal is described using the symmetry space group 4/mnm (4/m 2/m 2/m). The optical axis 
of the crystal is parallel to the sample surface. The sample is characterized at variable angle of incidence and 
variable azimuthal rotation angle.  
 
Figure 1 shows typical Mueller matrix spectra compared with data fit obtained using the matrix model based on light 
propagation in anisotropic stratified media. The angle of incidence of 45° was chosen. The azimuthal angle in range 
from 0 to 360 degrees with step of 5 degree. Fig. 1 compares the Mueller matrices measured for two azimuthal 
angles 0 and 45 degrees. The first Mueller matrix spectra correspond to optical axis almost aligned to the coordinate 
system. The Mueller matrix is block diagonal without mode conversion. On the other hand, for the azimuthal angle 
of 45 degree all components of the matrix is nonzero. 
Figure 2 shows Mueller matrices as a function of the azimuth rotation angle ranging from 0 to 360 degree. Left and 
right subplots correspond to the transparent and absorbing regions and to the photon energies of 2 eV and 5 eV, 
respectively. All matrix elements exhibit 180 degree symmetry. For non-absorbing case the components 
transforming linear to circular and circular to linear polarization differences are zeros. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Mueller matrix spectra shown for azimuthal angles 0 and 45 degrees demonstrating non-conversion and conversion cases. Blue symbols 
and red lines correspond to the measured data and best fit model, respectively. 
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Fig. 2. Mueller matrices as a function of the azimuthal rotation from 0 to 360 degree for the photon energies 2 eV and 5 eV. Blue symbols and red 
lines correspond to the measured data and best fit model, respectively. 
3. Anisotropic optical functions 
The experimental data presented in previous section have been fitted to the model of anisotropic material 
described by the ordinary and extraordinary permittivity parameterized using the basis spline (B-spline) consisting 
Kramers-Kronig dispersion relations [Johs (2008)]. Surface roughness has been included in the model using 
Bruggeman effective medium approximation. 
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Fig. 3. Obtained ordinary and extraordinary permittivity are compared with the tabulated values (black lines). Solid blue and dashed red lines 
represent the real and imaginary parts of the permittivity. 
 
The electronic structure of bulk TiO in optimized Rutile structure (space group 136, lattice parameters a=4.594 Å, 
c=2.959 Å) was calculated with the WIEN2K code [Blaha (2001)] using the generalized gradient approximation as 
parametrized by Perdew, Burke and Ernzerhof [Perdew (1996)] for the exchange-correlation term. The energy cutoff 
expressed as product of the muffin-tin radius and the maximum reciprocal space vector  was 6.5, the largest 
reciprocal vector in the charge Fourier expansion  corresponds to the energy of 14 Ry, and the maximum value 
of partial waves inside muffin-tin spheres  was 10. A grid of 4×4×6 k-points was used to sample the first 
Brillouin zone. A finer k-point mesh of 18×18×28 was used to determine optical transition matrix elements among 
all bands and k-vectors. Frequency-dependent absorptive permittivity tensor elements were computed from the 
linear-response expressions [Ambrosch-Draxl (2006)], after which the full complex permittivity tensor was obtained 
by the Kramers-Kronig transformation. Figure 4 shows ab-initio modelled optical functions of Rutile together with 
obtained density of states (DOS), where the contributions of Ti and O atoms are separated. 
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Fig. 4. Ab-initio models of Rutile. Ordinary, extraordinary optical functions, and density of states (DOS) are shown. 
4. Conclusions 
Mueller matrix ellipsometry in the spectral range from 0.73 to 6.4 eV measured using dual rotating compensator 
ellipsometer was applied to study anisotropic Rutile (TiO2) crystals with tetragonal as a typical uniaxial sample. 
The optical axis of the sample is parallel to its surface. The sample was characterized at variable angle of incidence 
and variable azimuthal rotation angle and optical functions of Rutile were obtained using data fit. Contribution of 
the electrons belonging to Ti and O atoms was separated using ab-initio calculation. 
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